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Abstract
Submicrometer boron carbide powders were synthesized using rapid carbothermal
reduction (RCR) method. Synthesized boron carbide powders had smaller particle
size, lower free carbon, and high density of twins compared to commercial sam-
ples. Powders were sintered using spark plasma sintering at different temperatures
and dwell times to compare sintering behavior. Synthesized boron carbide pow-
ders reached >99% TD at lower temperature and shorter dwell times compared to
commercial powders. Improved microhardness observed in the densified RCR
samples was likely caused by the combination of higher purity, better stoichiome-
try control, finer grain size, and a higher density of twin boundaries.
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1 | INTRODUCTION
Boron carbide is the third hardest material known after dia-
mond and cubic boron nitride. The strength-density ratio is
noticeably higher than most materials. Low density and
extraordinary hardness values make boron carbide very
desirable for extreme environments. Knoop hardness of
boron carbide is reported to be 28.5-30.5 GPa with a
100 g indentation load (HK100), and 27.5-28.5 GPa with a
200 g indentation load (HK200).
1–5 Improved strength and
hardness of boron carbide can be achieved by reducing
porosity and grain size.6–9 Mechanical properties are also
affected by homogeneity, inclusions, and stoichiometry.
For example, the hardness of boron carbide peaks at B4C
composition, and decreases as boron content increases.10,11
Although possessing extraordinary mechanical proper-
ties, producing high-purity boron carbide powder is chal-
lenging. The carbothermal reduction method is the
conventional approach for synthesizing boron carbide pow-
ders. This method is relatively low cost, utilizing inexpen-
sive, readily available raw materials (boric acid and carbon
black) and a noncomplex, scalable manufacturing process.
The basic principal of this method is the reduction in boron
oxide with carbon in an electric arc furnace.12–15 These
results in a large ingot that requires extensive milling to
produce micrometer sized ceramic grade powders. Milling
typically yields a wide particle size distribution and a rela-
tively high degree of metallic impurities despite the incor-
poration of a postmilling acid leach step. Unreacted-free
carbon is commonly found in the finished boron carbide
powder.16–18 In this work, a nonconventional boron carbide
powder synthesis method-rapid carbothermal reduction
(RCR) was employed to produce finer and higher purity
powders. RCR is a process (Figure 1) that transports pre-
cursors into a reactor furnace at the reaction temperature,
where vapor phase boron oxide and solid carbon react
above 1600°C. Upon entering the hot zone, the precursor
reaches the reaction temperature with extreme heating rate
(103-l05 K/s). Boron oxide rapidly sublimates and reacts
with the intimately mixed carbon source to produce boron
carbide. Carbon monoxide and excess boron oxide gases
leave the furnace from an exhaust line. Boron oxide loss is
Received: 22 November 2016 | Accepted: 28 December 2016
DOI: 10.1111/ijac.12654
Int J Appl Ceram Technol. 2017;14:443–453. wileyonlinelibrary.com/journal/ijac © 2017 The American Ceramic Society | 443
dependent on the reactor temperature, and the precursor
composition. This reaction yields submicrometer size, stoi-
chometric boron carbide powder without free carbon.19–21
Another challenge that limits the full potential of boron
carbide in many applications is the difficulty in sintering.
Sintering aids are often used to lower the boron carbide
sintering temperature. Carbon, elemental boron, and metal-
lic additives have been used as sintering aids to decrease
the sintering temperature and limit grain growth but often
with some compromise in mechanical properties.22–25
Among all the sintering additives, carbon is the main sec-
ondary phase found in dense boron carbide. The presence
of the carbon secondary phase results in the decrease in
mechanical properties for boron carbide.26–28 Hot pressing
is widely used to produce highly dense articles. Boron car-
bide can be hot pressed to high densities without additives,
but only at very high temperature. Full density is often
achieved using different combinations of temperature and
dwell times that depend on the average particle size. Typi-
cal temperatures need to be higher than 2200°C for short
dwell times and between 2100 and 2200°C with longer
dwell times. Grain growth is inevitable in both scenar-
ios.29–32 An alternative densification method is spark
plasma sintering (SPS). SPS applies pressure and a high
electric current directly through graphite dies in contrast to
indirect induction or resistive heating used in hot pressing.
This electric current creates hot spots at particle contact
points and generates extreme heating at particle surfaces,
which facilitates the densification. Neck formation and dif-
fusion start at a very early stage of the sintering cycle and
allow densification to proceed at considerably lower tem-
peratures.33–37 Due to high heating rates and relatively
short dwell times from SPS, grain growth is limited. SPS
has been successfully applied to densify commercial boron
carbide powders without sintering additives, and the
reported sintering temperatures are well below those in hot
pressing. Densities of 98% theoretical density (TD) were
achieved near 1600°C, whereas full density was achieved
at temperatures as low as 1700°C, with limited grain
growth. These samples exhibit enhanced mechanical prop-
erties compared to traditionally sintered boron carbide
pieces as a result of limited grain growth with high density.
Because of differences in sample size and temperature mea-
surement techniques comparing SPS experiments are chal-
lenging given the uncertainty in the true temperature of the
sample.38–42 However, while direct temperature compar-
isons may not be possible, density and microstructure fea-
tures are readily discernible.
In this work, boron carbide powders were fabricated
with higher purity and smaller boron average particle size
using RCR synthesis technique. In addition, an unexpected
presence of high density of growth twins were observed in
all powder particles, which is largely absent in commercial
powders. Furthermore, these RCR boron carbide powders
were densified to near theoretical density using SPS. The
dense RCR boron carbide samples were generated at lower
temperature with shorter dwell times compared to the den-
sification behavior of the evacuated commercial powders.
The dense RCR boron carbide also retained many twins,
which may be the cause of an observed higher hardness
compared with dense, twin-free boron carbide bodies pro-
duced using the commercial powders.
2 | EXPERIMENTAL PROCEDURE
Boric acid (US-Borax) was dissolved in a beaker with
deionized (DI) water at 80°C, whereas in a separate beaker
the carbon source (Cabot Vulcan X-72, Fischer Lamp
Black) was dispersed in DI water and addition of surfactant
(Triton X-100). Carbon slurry was slowly poured into boric
acid slurry and stirred for 30 minutes. Then the mixture
was heated further to evaporate most of water to form a
carbon-boric acid paste which is then placed into drying
oven and dried (for at least twelve hours) between 120 and
140°C. Dried product was placed into an electric tube fur-
nace and calcined at 600°C under constant argon flow. Cal-
cined chunks were placed into a mortar and crushed and
only particles between 125 and 425 lm were used for
FIGURE 1 Schematic of rapid carbothermal reduction process.
[Color figure can be viewed at wileyonlinelibrary.com]
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RCR feeding. Precursor was put into the sealed hopper and
furnace (RCR is shown in Figure 1) was heated to the
1825°C and precursor was kept in the hopper until the fur-
nace temperature stabilized. Feeder system was turned on
to feed materials with 1.5 g/min feeding rate. Precursor
travels from hopper to cold finger using screw feeder. Pre-
cursor was kept cool as it fell through cold finger into the
furnace. Reacted powder accumulated in the crucible and
the produced gas byproducts left the system through the
exhaust line. Two boron carbide powders were synthesized
by using two different carbon sources, lampblack (Fisher
Scientific) and Vulcan XC-72 (Cabot Specialty Carbon
Black). Vulcan XC-72 or Vulcan (80-235 m2/g) has larger
surface area compared to lampblack carbon (22-90 m2/g).
These powders were labeled as R-SF9 and R-SF10, respec-
tively.
Carbon analyses (LECO CS-230), oxygen analyses
(LECO TC-600), and boron titration (ASTM C-791)
analyses were completed for every boron carbide powder.
X-ray diffractometry (PANanalytical X’Pert) was used for
phase identification and recorded files were analyzed
using the analysis software (MDI Jade). Boron carbide,
elemental boron, boron oxide species, and carbon was
targeted for matching the peaks. Rietveld analyses for lat-
tice measurements were completed after peak match. Ase-
lage et al. demonstrated there is a relationship between
lattice parameters and stoichiometry. Stoichiometry of
boron carbide was determined from lattice parameters
and converted to wt% carbon (20 at.% carbon corre-
sponds to 21.7 wt%). Free carbon was calculated by sub-
tracting bound carbon (calculated from stoichiometry)
from total carbon from carbon analysis. Existed nitrogen
and oxygen were considered as bounded to boron and
taken to consideration for free carbon estimation.43,44
FESEM (Zeiss-Sigma) analysis was performed to analyze
powder morphology and characterization. These analysis
were performed for two commercial powders (H.C. Star-
ck, Grade HD20 and UK Abrasives F1500) and results
were compared between commercial and RCR synthe-
sized powders.
To achieve dense boron carbide samples, powders were
densified with SPS furnace (Thermal Technology 10 Ser-
ies) under argon atmosphere with 50 MPa applied pressure
and a heating ramp rate of 300°C/min. To produce similar
size samples, approximately four grams of powders were
placed into 20 mm diameter graphite die. Temperature
measurements were taken from a hole on the side of the
die using high-temperature pyrometer. Sintering tempera-
tures of 1550°C, 1700°C, 1850°C, and 1900°C were stud-
ied without dwell and additional samples were prepared
with 5-, 10-, and 20-minute dwell times at 1900°C.
Densities of sintered samples were determined using
Archimedes immersion testing. Samples were cut along
cross sections and polished to an optical finish. Knoop
microhardness was taken at 100, 300, 500, and 1000 g
loads with 10 measurements for each load (Leco M400
Microhardness Tester). Samples were etched by electrolytic
method using 0.1% KOH solution and 5 V applied for
approximately 1 minute. Grain size measurements were
taken from linear intercept analyses from the FESEM
images using computer software Lince (by Technische
Universit€at Darmstadt). To prepare TEM specimens, the
powders were suspended in ethanol and then dispersed on
holey carbon supporting films. Dense samples were sliced
using a low speed diamond saw, polished using diamond
lapping films to form wedge-shaped specimens, and then
further thinned to electron transparency using an ion mill at
4 kV and 1 mA. TEM observations were conducted in a
Phillips CM300 field-emission transmission electron micro-
scope operating at 300 kV, to observe microstructural fea-
tures such as porosity, grain size, and the presence of
twins.
3 | RESULTS AND DISCUSSIONS
3.1 | Powder synthesis and characterization
Submicrometer equiaxed boron carbide powders were syn-
thesized with reduced free carbon using RCR synthesis
method. Figure 2 shows the morphologies of boron carbide
powders used in this study. Carbon sources affected mor-
phology and particle size differently. Lampblack containing
precursors resulted in larger (d90: 0.90 lm) boron carbide
powder (R-SF9), whereas precursors with Vulcan carbon
yielded much smaller (d90: 0.45 lm) particles (R-SF10).
Carbon source with larger surface area yielded smaller
reacted particles likely due to the more intimate mixing of
the boron oxide with the Vulcan carbon. The commercial
UK boron carbide powder had a wider particle size distri-
bution, characterized by angular morphology characteristic
of milled (fractured) particles. Morphology of Starck boron
carbide powder was less angular than the UK powder and
average particle size was much smaller. However, there
were also larger particles (up to 5 lm) observed in the
Starck powder.
Boron carbide powders were analyzed and characterized
by several characterization methods. B/C ratios (stoichiom-
etry) varied between 4.04-4.45 and complete characteriza-
tion results are shown in Table 1. Synthesized powders, R-
SF9 and R-SF10, had relatively low-free carbon content
(0.40 and 0.10 wt%, respectively). Homogenously dis-
tributed free carbon, as high 2.5 wt%, was present in UK
powder. Starck powder had 1.0% free carbon that was in
the form of agglomerates.
The particle size and morphology measurement from
TEM agrees well with the SEM observations (Figure 3).
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The RCR powder particles had equiaxed morphology, were
submicrometer in size and only a limited number of larger
particles were observed. On the other hand, UK powder
showed heterogeneous particle size and morphology. Each
particle had different shape. Starck powder was observed
to be more homogenous compared to UK powder, but still
less uniform compared to the RCR powders. In addition,
HRTEM also revealed the microstructural features within
the particles. All RCR particles were observed to contain
high density of twins (two examples are shown in Fig-
ure 4). Generally speaking, the smaller the particle, higher
the twin density. The twins were observed only a few
nanometers apart in the small particles (~200 nm) and tens
of nanometers apart in larger particles (~800 nm). In con-
trast, most of the particles in the commercial powders were
observed to be free of twins. Twins were observed within
only a few particles of UK powder as indicated in Figure 3
and HRTEM observations of commercial powders showed
no sign of twin. TEM and HRTEM analyses (Figure 4)
revealed twins are very limited in commercial boron car-
bide powders. Due to nature of RCR process, extremely
rapid reaction occurs in high temperatures and reaction is
completed in the order of milliseconds. Thus boron carbide
layers are nucleated in the preferred direction, results the
high twin density. Heating rate is highly depended on pre-
cursor size which also affects the final particle size. Smaller
particles were results of faster synthesis so twin density is
higher. Thus R-SF10 has smaller particle size and higher
twin density. Also Xie et al. showed that twin existence is
highly depended on the stoichiometry and structural hierar-
chy,45 thus controlling the boron carbide stoichiometry also
play important role on twin density.
3.2 | Densification
Densities of the samples were measured with Archimedes
methods and results are summarized in Table 2. RCR
boron carbide samples and Starck samples initially had
lower density than the UK sample at 1550°C due to their
lower initial packing density compared to UK. However,
density of RCR boron carbide samples was higher than the
commercial boron carbide samples at 1700°C, shown by
density curves in Figure 5. RCR boron carbide samples
and Starck sample had steep densification rate up to
1850°C. This rate decreased dramatically as full densifica-
tion was approached.
FIGURE 2 SEM images of boron carbide powders, carbon agglomeration is shown with encircled C sign. [Color figure can be viewed at
wileyonlinelibrary.com]
TABLE 1 Properties of boron carbide powders
Name d10 (lm) d50 (lm) d90 (lm) Free C (%) Carbon (%) Oxygen (%) Nitrogen (%) Boron (%) B/C ratio
R-SF9 0.20 0.50 0.90 0.40 21.15 0.44 0.16 77.87 4.17
R-SF10 0.10 0.20 0.45 0.10 20.50 0.47 0.01 78.93 4.28
UK 0.30 1.27 2.60 2.50 20.98 3.61 0.04 75.61 4.41
Starck 0.10 0.50 0.85 1.00 22.16 1.58 0.20 76.00 4.04
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To gain further insight on the densification process of
all the boron carbide powders, the powders were processed
starting at 1550°C, 1700°C, 1850°C, and 1900°C to inves-
tigate the onset of sintering. Figure 6 shows particle rear-
rangement, surface smoothening and limited neck
formation at this 1550°C. Neck formation was observed in
every sample. Boron carbide samples at this temperature
demonstrated characteristics of initial stage of sintering.
Necking was more apparent for every particle in all the
samples at 1700°C and densities of R-SF9 and R-SF10 sur-
passed the density of boron carbide samples from commer-
cial powders. R-SF9 and R-SF10 had higher measured
density as reflected by the microstructural features (Fig-
ure 7). Only limited number of small (0.20-0.50 lm) pores
was observed throughout R-SF9 and R-SF10 samples. Den-
sification of commercial powders under the same condition
was poorer. UK sample had larger pores (1.00-4.00 lm)
compared to R-SF9 and R-SF10 samples. Pores were
highly isolated and partially eliminated but the concentra-
tion was still high. Starck sample is denser than UK sample
but high concentration of small isolated pores (0.20-
0.60 lm) were observed in this sample.
R-SF9 and R-SF10 samples reached almost full density
at 1900°C and pores were completely eliminated in the first
five minutes of the dwell period. UK sample had small
pores with homogenous distribution at zero dwell and most
of these were eliminated in the first 10 minutes of dwell.
Results showed that the Starck powder completed signifi-
cant densification at 1900°C without dwell and density was
only slightly increased with extended dwell times. Inter-
granular pores were mostly eliminated by extended dwell
time but carbon inclusions were maintained under all con-
ditions. Some carbon inclusions were observed in all boron
carbide samples even with long dwell times as seen from
Figure 8. These inclusions were the results of carbon
agglomerations and graphite impurities, which were carried
along from the powders. Synthesized powders had a small
percentage of graphitic inclusions (up to 0.2%) which may
arise due to direct contamination of the graphite crucible
with the RCR furnace. Given that the Starck powder had
agglomerated carbon and these agglomerations likely
resulted in the large carbon inclusions found in the consoli-
dated Starck samples.
In all samples, grain sizes started to increase between
1550 and 1700°C with limited growth rate (Table 3). Grain
growth rate increased after 1700°C and reached a plateau
after 1900°C. Densification rate was steady among the four
powders between 1550-1700°C and 1700-1850°C regimes.
FIGURE 3 TEM images of boron carbide powders. [Color figure can be viewed at wileyonlinelibrary.com]
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Densification of these powders started with pore isolation
and particle rearrangement in the earlier stages of sintering.
Pore elimination and closure was dominant in the later
stage and this led to grain growth. Samples reached high
densities at 1900°C and densification was controlled by
grain boundary diffusion.
Boron carbide with smaller particle size had faster den-
sification profile until reaching high densities (+90% TD).
Carbon agglomerations in the Starck powder resulted in
inclusions that prevented full density to be reached. RCR
samples reached almost full density at 1900°C without
dwell, whereas 5-10-minute dwell was necessary for com-
mercial samples. The granular morphology and fine particle
size led the faster densification for the RCR synthesized
powder and lack of carbon inclusions helped to reach full
density.
TEM analyses of dense boron carbide were performed
on samples sintered at 1900°C with 10-minute dwell. UK-
10 min sample had homogenous grain size in some
regions. Occasionally, twins were observed in limited
grains and the twin widths are usually larger than 1 lm
(Figure 9). Intragranular inclusions, which are most likely
from the impurities from the starting powder, were present
in the dense sample. Starck-10 minute sample also had
homogenous grain size distribution, but with presence of
nanoscale pores. Some large grains (~5.00 lm) were
observed, similar to the dense UK sample. Twins were
very limited and observed in only limited grains. The twins
FIGURE 4 HRTEM images of RCR synthesized powders, highlighting extremely small twin spacing and surface oxide layer at the edge of
particles. HRTEM images of commercial powders revealed no sign of twin. [Color figure can be viewed at wileyonlinelibrary.com]
TABLE 2 Density measurements of boron carbide samples (all results are g/cm3)
Name 1550°C 1700°C 1850°C 1900°C 1900°C 5 min 1900°C 10 min 1900°C 20 min
R-SF9 1.56 2.06 2.47 2.49 2.51 2.51 2.51
R-SF10 1.51 2.09 2.48 2.50 2.51 2.51 2.51
UK 1.60 1.86 2.35 2.48 2.50 2.51 2.51
Starck 1.51 2.00 2.45 2.46 2.47 2.48 2.48
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observed in dense UK and Starck samples may have origi-
nated from the limited twins found in the starting powder,
or formed during the densification process. The nanoscale
pores were rare in RCR samples (R-SF9 10 minute and R-
SF10 10 minute samples) compared to the commercial
counterparts. More interestingly, both dense RCR samples
contained high twin density. Over 100 grains were checked
and all grains had twins and density of twin varied from
grain to grain. General observation was that smaller the
grain size, higher the twin concentration. HRTEM images
of R-SF9 (Figure 9) show grains with low and high twin
concentration in the same sample but different grains.
Distance between the planes was around 20 nm in the
smaller grains and larger than 300 nm for the larger grains.
Moshtaghioun et al.also showed that mean twin spacing is
increased with increased grain size.46 The twins are thought
to be from the highly twinned RCR starting powders. The
twin density in the densified samples decreased compared
to the powders. For examples, the twins in the starting
powder were only a few nanometers apart, but the ones in
the dense RCR samples were tens to hundreds nanometers
apart. This suggested that some reduction had occurred
during the sintering process. Anselmi-Tamburini et al.
observed that existed twins are eliminated during sintering
process with increased temperatures.47 Nevertheless, the
dense RCR samples contain much higher twin density
compared to the dense commercial samples.
3.3 | Hardness
Knoop hardness measurements were performed on each
boron carbide sample sintered at 1850°C and 1900°C.
Dense RCR boron carbide samples exhibited higher
hardness than commercial boron carbide samples under all
testing load conditions. HK100 results for R-dense SF9 and
R-SF10 at 1850°C were higher than 31 GPa, whereas the
dense commercial samples were below 29 GPa. The dense
RCR samples continue to be harder than the commercial
ones as the indentation load increased as shown in the
Figure 10. The lower hardness of the dense UK sample
may be associated with the impurities present in the final
dense product. Chen et al. reported that small amount of
impurities can substantially deteriorate the mechanical
FIGURE 5 Density of boron carbide samples with various
thermal treatments. [Color figure can be viewed at wileyonlinelibrary.
com]
FIGURE 6 Neck formations of boron carbide compacts at 1550°C, UK sample with free carbon (encircled C) and limited neck formation,
Starck and synthesized samples with neck formation in every particles. [Color figure can be viewed at wileyonlinelibrary.com]
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properties in boron carbide.48 The lower hardness of the
dense Starck sample may be attributed to the nanoscale
pores. In addition, the carbon inclusions resulted from the
high-free carbon content in the starting powder will also
lower the hardness in the final consolidated products, espe-
cially under high loads.
FIGURE 7 Densification of boron carbide at 1850°C, circles indicate carbon inclusions. Synthesized samples had higher densities compared
to commercial samples. [Color figure can be viewed at wileyonlinelibrary.com]
FIGURE 8 Boron carbide samples at 1900°C with 5-10-minute dwell time showing carbon inclusions. Carbon inclusions are shown in the
circles. [Color figure can be viewed at wileyonlinelibrary.com]
TABLE 3 Grain size measurements of boron carbide samples (all results are lm)
Name 1550°C 1700°C 1850°C 1900°C 1900°C 5 min 1900°C 10 min 1900°C 20 min
R-SF9 0.58 0.68 1.15 1.47 1.70 1.80 1.95
R-SF10 0.20 0.38 0.69 0.79 0.96 1.39 1.65
UK 1.35 1.42 2.49 2.64 3.03 3.36 3.79
Starck 0.50 0.57 1.20 1.25 1.43 1.62 2.19
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The RCR samples achieved full density without apparent
impurities, carbon inclusions, and nanoscale pores, which all
contribute to the improved hardness. Furthermore, high den-
sity of twins was observed in all grains. Studies of other hard
materials reported that successfully synthesized nanotwinned
diamond and nanotwinned cubic boron nitride displayed
much higher hardness than the twin-free counterparts.49,50 In
this work, high twin concentrations (both nanoscale and sub-
micrometer scale) were maintained during the transition from
powder to dense RCR boron carbide final products. A com-
bination of lower percentages of second phases as well as the
presence of high density of twins led to the high hardness in
the dense RCR samples.
4 | CONCLUSIONS
Boron carbide powders with reduced free carbon were suc-
cessfully synthesized by RCR. The RCR powders are
FIGURE 9 TEM images of dense boron carbide samples; UK and Starck samples with limited twins (arrows) and intragranular pores
(circle). TEM images of R-SF10 sample with high and low twin concentration. HRTEM images of R-SF9 sample with low and high twins
concentration. [Color figure can be viewed at wileyonlinelibrary.com]
FIGURE 10 Hardness of boron carbide samples under various
loads, sintered at 1900°C with five-minute dwell. [Color figure can be
viewed at wileyonlinelibrary.com]
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submicrometer in size and contain extremely high density
of twins compared to the commercial powders. Dense sam-
ple fabricated from the RCR powders had limited grain
growth and maintained the high twin density. Moreover,
the RCR samples densified better than the commercial sam-
ples, which may be attributed to the fine grain size and
equiaxed granular morphology. The dense RCR samples
also exhibited higher hardness. The improved mechanical
property is likely a combinatory effect of excellent densifi-
cation, low-free carbon content, and high twin density.
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